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Numerical Simulations of Tropical Cyclone-Ocean Interaction
With a High-Resolution Coupled Model
MORRIS A. BENDER,1 ISAAC GINIS, 2,3AND YOSHIO KURIHARA1
The tropical cyclone-ocean interaction was investigated using a high-resolution tropical cyclone
ocean coupled model. The model design consisted of the NOAA Geophysical Fluid Dynamics
Laboratory tropical cyclone prediction model which was coupled with a multilayer primitive equation
ocean model. Coupling between the hurricane and the ocean models was carried out by passing into
the ocean model the wind stress, heat, and moisture fluxes computed in the hurricane model. The new
sea surface temperature (SST) calculated by the ocean model was then used in the tropical cyclone
n'"'•
A set of idealized numerical experiments were performed in ,•,hi(-h • tropical

was embedded
in both easterlyand westerlybasicflowsof 2.5, 5, and 7.5 m s-• with a fourth
experiment run with no basic flow specified initially. The profile of the tangential wind for Hurricane
Gloria at 1200 UTC 22, September 1985 was used as the initial condition of the tropical cyclone for
each of the experiments. The model ocean was initially horizontally homogenous and quiescent. To
clarify the impact of the ocean responseto the hurricane's behavior, analogousexperiments were also
carried out with the SST kept constant (control cases). The experiments indicated that the cooling of
the sea surface induced by the tropical cyclone resulted in a significantimpact on the ultimate storm
intensity due to the reduction of total heat flux directed into the tropical cyclone above the regions of
decreasedSST. The sea surface cooling produced by the tropical cyclones was found to be larger when
the storms moved slower. In the experiments run without an initial basic flow, the maximum SST
anomaly was about -5.6øC with a resulting difference in the minimum sea level pressure and maximum

surface
windsof 16.4hPaand-7 m s-1 , respectively.
In contrast,
in theexperiments
runwiththe7.5
m s-1 basicflow,themaximum
SSTanomalies
rangedfromabout2.6øto 3.0øCwitha difference
in the
minimumsealevel pressureand maximumsurfacewindsof about7.3 hPa and -2.7 m s-1. The
tropical cyclone-oceancoupling significantlyinfluencedthe storm track only for the case with no basic

flowandthe2.5 m s-1 easterlyflow.In thesecasesthestormwiththeoceaninteraction
turnedmore
to thenorthandeast(nobasicflow)or thenorth(2.5 m s-1 easterlyflow)of the experiments
with
constant SST. In the first case, the storm by 72 hours was located over 70 km to the east-southeastof
the control case. A possible explanation for this track deviation is related to a systematic weakening
of the mean tangential flow at all radii of the storm due to the interaction with the ocean and resulting
alteration

1.

of the beta drift.

INTRODUCTION

the ocean mixed layer. This causes significant decreases in
the SST

The importance of the sea surface temperature (SST) in
the genesis and intensity of tropical cyclones has become
well established. It is known that tropical cyclones usually
develop over waters in which the SST is 26øCor higher. Both
theoretical [e.g., Emanuel, 1986] and numerical models
[e.g., Chang, 1979; Tuleya and Kurihara, 1982] confirm the
sensitivity of storm intensity to the SST in the vicinity of

due to entrainment

waters

from

the

mechanism.

A number

storms.

The tropical cyclone-ocean system is one with positive
and negative feedbacks. During the genesisand development
stages a positive feedback in the tropical cyclone-ocean
system exists. As the tropical cyclone strengthens, the
evaporation rate grows due to the increase in the surface
wind speed. The enhancement of the moisture supply from
the ocean leads to an increase of the latent heat energy that
drives the circulation of the tropical cyclone. However, as
the storm continues to intensify, the increasing surface wind
stress generates strong turbulent mixing and deepening of

of the cooler

thermocline into the mixed layer. The observed SST anomalies induced by the tropical cyclone have been observed to
vary from IøC to 6øC [e.g., Black, 1983]. The cooling of the
sea surface results in reduction in the total heat flux (latent
plus sensible) into the atmosphere leading to a decrease in
storm intensity. This process represents a negative feedback
of numerical

simulation

studies have been made

in order to understand and to evaluate various aspects of the
ocean response to moving tropical cyclones [e.g., Chang
and Anthes, 1978; Price, 1981; Ginis and Dikinov, 1989;
Cooper and Thompson, 1989]. In the works of Price [1981]

and Ginis and Dikinov [1989] a realistic ocean response to
Hurricane Eloise (1975) and Typhoon Virginia (1978) was
simulated, respectively.
However, numerical simulationsof tropical cyclone-ocean
interaction have been rather limited. In earlier coupled
experiments performed by Chang and Anthes [1979] and
Sutyrin and Khain [1979], an axisymmetric tropical cyclone
model
was coupled with an upper mixed layer ocean model.
1NOAA Geophysical
Fluid DynamicsLaboratory,Princeton
Results indicated that over a short period of time the sea
University, Princeton, New Jersey.
2program
in Atmospheric
andOceanic
Sciences,
Princeton
Uni- surface cooling did not have a large effect on the tropical
versity, Princeton, New Jersey.
cyclone's dynamics. For example during a 1-day period of
3Nowat Graduate
Schoolof Oceanography,
University
of Rhode the integrations carried out by Chang and Anthes [ 1979], the
Island, Narragansett, Rhode Island.
minimum sea level pressure rose only by 2 hPa. Sutyrin and
Copyright 1993 by the American Geophysical Union.
Khain [1984] performed a series of numerical experiments
with different speedsof tropical cyclone motion and reported
Paper number 93JD02370.
0148-0227/93/93 JD-02370505.00
that the model storms responded with about a 1-day delay to
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TABLE

1. Grid System of the Triply Nested Mesh Hurricane Model
Domain

Grid

Size
Latitude

Longitude

Time

Resolution,
Mesh

Deg

Points

Deg

55
1:5
8 1/3

(55)
(4:5)
(:50)

55
1:5
8 1/3

deg

1
2
3

1
1/3
1/6

the decrease of the SST, although the weakening of the
storms was larger (i.e., 5-10 hPa), especially for slowly
moving storms. In all of these previous studiesthe tropical
cyclones were represented by axisymmetric models with
rather

coarse resolution.

Ginis et al. [1989] developed a three-dimensionalcoupled
model by coupling a five-level tropical cyclone model
[Khain, 1988] and a three-layer primitive equation ocean
model [Ginis and Dikinov, 1989]. These integrations were
carried

out without

a basic environmental

flow.

The storm

motion was due only to the beta effect. It was shown that the
cooling of the sea surface under the tropical cyclone led not
only to a decrease in its intensity but also to a changein the
speed of the storm motion. According to Khain and Ginis
[1991] the effect of a basic flow was crudely taken into
account by moving the atmosphere grid over the ocean grid
with prescribed velocities. Both the intensity (i.e., 5-7 hPa)
and the motion of the tropical cyclone were affected by the
cooling of the sea surface (i.e., 3.5ø-6øC) induced by the
tropical cyclone. They found that the model storm with fixed
SST tended to be displacedto the right, whereas those in the
coupled model tended to be displaced to the left of the
direction of the atmospheric grid motion. They concluded
that such a difference was apparently due to an asymmetry
of the energy supply from the ocean.
Although previous studies based on these simple coupled
tropical cyclone-ocean models indicated that the negative
feedback between the ocean and the tropical cyclone may
indeed be substantial, the details of this interaction have not

been studied thoroughly. More thorough numerical investigation of this problem required the use of a very high
resolution atmosphere-oceanmodel. Such a model has been
developed at the NOAA Geophysical Fluid Dynamics Laboratory.

The main goal of the present study is to explore the effect
of the tropical cyclone-ocean interaction on the surfaceheat
flux, intensity, and track of tropical cyclones based on
numerical results from the GFDL high-resolution tropical
cyclone-ocean coupled model. Analysis of the results will
also include the dynamical response of the ocean to the
tropical cyclone.
A brief description of the tropical cyclone and ocean
models will be presented in section 2. Verification of the
ocean model with observationswill also be presentedin this
section. The initial conditions of the tropical cyclone and
ocean models, experimental design, and classification of
experiments will be discussed in section 3. The numerical
results of the ocean response will be presented in section 4
with the results from the tropical cyclone-ocean coupled
model detailed in section 5. A summary of the results and
concluding remarks will be reported in section 6.

2.

2.1.

Points

Step, s

(55)
(4:5)
(:50)

120
40
20

MODEL DESCRIPTION

Tropical Cyclone Model Description

The multiply nested movable mesh (MMM) model described by Kurihara and Bender [1980] was used for all of
the time integrationsof the tropical cyclone model. Specific
model details have been outlined in previous publications
[e.g., Tuleya et al., 1984; Bender et al., 1987]. The model is
a primitive equationmodel formulated in latitude, longitude,
and •r coordinates, with 18 levels in the vertical [i.e.,
Kurihara et al., 1990, Table 1]. The grid system for each of
the triply nested meshesin the present study is summarized
in Table 1. The outermost domain ranged from the equator to
55øN in the meridional direction. The model physics include
cumulusparameterization describedby Kurihara [1973] with
some additional modifications [Kurihara and Bender, 1980,
Appendix C], a Monin-Obukhov schemefor the surface flux
calculation, and the Mellor and Yamada [1974] level-2
turbulence closure scheme for the vertical diffusion, with a
background diffusion coefficient added. Some of the recent
modificationsto the model that were reported in section 2.1
of Bender et al. [1993] were added as well. In particular, the
Charnock

constant

which

is used in the calculation

of the

roughnesslength has been changed to an updated value of
.0185 [Wu, 1982]. The three-point smoothing operator used
to suppress numerical noise was modified to include a
desmoothing operator. The effect of radiative transfer was
not treated explicitly. However, the zonal mean temperature
was adjusted toward its initial value using a Newtonian-type
damping with a 24-hour damping period. The simulation
capability of this model has been well demonstrated in
experimentsusing real data [e.g., Kurihara et al., 1990].
2.2.

Ocean Model Description

The ocean model is a primitive equation multilayer stratified model formulated in the spherical coordinate system.
The model was developedfrom a three-layer reducedgravity
model that is described by Ginis and DiMnov [1989] and
currently includes a free surface and flat bottom. The vertical ocean structure is represented by a surface mixed layer
and a specifiednumber of layers below (seven for the current
set of experiments). The mixed layer is considered as a
turbulent boundary layer which exchanges momentum and
heat with the atmosphereat its surface and with the thermocline by entrainment at its base. Normally, the mixed layer is
well mixed due to turbulent mixing and is vertically homogeneousin temperature. It is assumedthat below the mixed
layer, in the thermocline and deep water, the temperature is
linearly depth dependent within each layer. The interfacial
(transition) layer with a sharp change of temperature at the
base of the mixed layer is modeled by a discontinuity surface
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(a velocity and density jump across the mixed layer base).
The vertical turbulent mixing at the mixed layer base is
computed from the scheme formulated by Deardorff[1983].
The horizontal velocity vector is assumedto be independent
of depth within each layer. Since the present numerical
experiments were designed to simulate the effects of tropical
cyclone-oceaninteraction in the deep open ocean, the effects
of bottom topography and coastal geography were not
considered. A detailed description of the ocean model and
the numerical methods used for solving the governing equations are given in the Appendix.
The ocean model used a mesh of constant grid spacing of
1/6øwhich was equal to the resolution of the finest grid of the
hurricane model. The sizes of the ocean computational
domain varied from one experiment to another depending on
the translational speed of the storm. On the average it
spannedabout 35øin the longitudinal direction and about 21ø
in the latitudinal direction. The time step of the ocean model
for all the experiments was set to 10 min.
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2.3.

Ocean Model Verification
19.7

The ocean model performance was first tested without
tropical cyclone interaction, using the field observations of
the ocean response to Hurricane Norbert (1984), described
in detail by Sanford et al. [1987]. The data set is unique
because, for the first time, simultaneous measurements of
atmospheric and oceanic parameters were carried out in the
region of direct hurricane forcing. The model integration
began from 0000 UTC, September 22, 1984, when the storm
was located at 16.5øN, 111.9øW and ended at 0000 UTC,
September 24, 1984, when the survey took place. The storm
was assumed to move along the Norbert best track without
changing its structure and strength. The translational speed
of the storm was determined from the storm position each 6
hours and is shown in Figure 1a. The axisymmetric surface
wind stress profile was obtained based on research flightlevel (1500 m) winds provided by P. G. Black (personal
correspondence), Hurricane Research Division/NOAA. The
computational domain included 100 x 100 grid points with
1/6ø grid spacing. Since the Norbert survey region was not
dynamically very active, we assumed that the ocean was
initially homogeneous and quiescent. The SST and the
mixed layer depth were initially set to 28.5øC and 30 m,
respectively, and the temperaturejump acrossthe bottom of
the mixed layer was set to IøC. The temperature profile
specified in the thermocline was typical for the eastern
Pacific. The initial layer thicknessesbelow the mixed layer
were set to 45, 50, 70, 100, 150, and 250 m. In Figures 1b and
1c the simulated SST deviations and the mixed layer current
field are compared with observations. The largest observed

mixed layer velocitieswere 1.1 m s-1 while numerical
calculations
gave a value of 1.06 m s-1 . The modelsea

-r-•
19.4
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surface cooling was also very close to the observed values
although the simulation indicates that the largest SST de110.6 110.2 109.8 109.4 109.1 1•.7
1•.3
107.9 107.5 107.2 1•.8
1•.4
1•.0
crease occurred outside of the survey region where the
LONGITUDE
storm made a sharp turn toward the north. The simulated
and observed ocean response demonstrated a significant
Fig. ]. Ocean model response to Hurricane Norbert valid 0000
rightward bias in the current speed, temperature deviation, UTC, September 24, 1984. (•) The observed storm track and the
and mixed layer depth fields relative to the storm track. This vectors of the wind stress.The estimated speedof the storm motion
max

is in accord with other hurricane

observations

and models

[e.g., Black, 1983; Chang and Anthes, 1978; Price, 1981].
The asymmetry in the velocity pattern is a result of effective

vector

(ms -•) is showninsidethe circles.(b) The model-computed
sea

suZace temperature (SST) anomalies (øC) with observed values
inside the rectangles. (c) Vectors of the mixed layer velocities. The
solid arrows indicate the observed

velocities.
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INITIAL ATMOSPHERE TEMPERATUREAND HUMIDITY PROFILES

coupling of clockwise rotating wind stress vectors on the
right side of the track and inertially rotating wind-driven
currents. This dynamic field asymmetry introduces asymmetry in the turbulent mixing (entrainment) which is mainly
responsible for sea surface cooling. The overall comparison
of the model simulations with observations suggeststhat the
present ocean model is capable of reproducing the main
features of the ocean response to the tropical cyclone
forcing, particularly the observed ocean currents and sea
surface cooling.
3.

3.1.

INITIAL

CONDITION AND EXPERIMENTAL
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Tropical Cyclone Model Initial Condition
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The experiments were designed in order that a tropical
cyclone could move over the ocean in prescribed easterly
and westerly zonal atmospheric flows. The zonal flows had
constant angular velocities which corresponded to zonal

INITIAL OCEAN

speedsof 7.5, 5.0, and2.5 m s-• at 18øN(initiallatitudeof

-250

the tropical cyclone center for each experiment). The zonal
flows (identified as the basic flows) were constant with height
and extended throughout the entire depth of the atmosphere.
The environmental condition surrounding Hurricane Gloria
on 1200 UTC, September 22, 1985, served as the initial

-450

environmental

-65

condition

of the mass and moisture fields for

all of these experiments. Specifically, the basic field of
temperature, relative humidity at each level in the vertical,
and sea level pressure were computed from the NMC T80
global analysis for a region of 5ø square surrounding the
observed center position of Hurricane Gloria. The resulting
initial environmental sounding is presented in Figure 2a.
The symmetric vortex was generated from time integration of an axisymmetric version of the hurricane model,
following the method outlined in section 4a of Kurihara et al.
[1993] and using the tangential wind profile for Gloria on
1200 UTC, September 22, 1985, as input. In their schemethe
tangential wind field is forced during the integration toward
the observed storm tangential wind profile while the moisture, mass, and radial wind profiles are free to develop a
model consistent structure. The obtained symmetric vortex
was then placed onto the basic fields at 18øN. After the
symmetric vortex was added to the basic flow, the mass field
(temperature and sea level pressure) was recomputed
through use of the static initialization method outlined in
section 5 of the above paper.
3.2.

Ocean

Model

Initial

occur within the different

-851
5

•0

'

•'s '

2'0 '

is

'

30

TEMPERATURE
(øC)

Fig. 2. (a) The initial vertical profile of the environmental
relative humidity and temperature (øC) used in the atmosphere
model and (b) the initial vertical profile of the temperature (øC) used
in the ocean model for all the experiments presented in this study.
The initial depth of each layer interface in the ocean model is
indicated by circles.

Accordingly, an initial temperature profile was constructed
for all of our idealized experiments (Figure 2b) which was
typical for tropical regions of the western North Atlantic.
The SST was set to 28.85øC(the approximate average SST
observed before the passage of Hurricane Gloria (1985)
during its deepening stage); the mixed layer thickness was
set to 40 m with a temperature jump of 1.0øCacrossthe base
of the mixed layer. The initial thicknesses of each layer
below the mixed layer were set to 140, 100, 100, 100, 150,
and 220 m.

Condition

In all of the experiments the ocean was initially assumed
to be horizontally homogeneous and quiescent. Hence the
initial velocity fields were set to zero within all model layers.
The observed data collected by Black [1983] was used to
specify the vertical thermal structure. A wide range of
stratifications

TEMPERATURE PROFILE

-5O

ocean basins. How-

ever, there is a similarity for most of the observed cases in
the western North Atlantic, Caribbean, SaragassoSea, Gulf
of Mexico, and the eastern North Pacific. In particular, the
majority of temperature profiles in these regions before
passageof tropical cyclones are characterized by a shallow
(near 40 m) and warm (about 28øC) mixed layer and steep
temperature gradients in the seasonal thermocline. Thus a
particular prestorm profile might be representative of the
typical ocean structure before a tropical cyclone passage.

3.3.

Experimental Design and Summary of Experiments

Both the outer domain of the tropical cyclone model and
the entire domain of the ocean model were fixed throughout
the integrations, while the inner meshes of the tropical
cyclone model moved with the storm center.
The method of coupling between the tropical cyclone and
the ocean models was performed as follows: During the
period of one ocean model time step, the tropical cyclone
model was integrated keeping the SST constant. The wind
stress, heat, and moisture fluxes computed in the tropical
cyclone model were passedinto the ocean model. The ocean
model was then integrated one step and a new SST was
calculated. The new SST was then used in the ensuing time
stepsof the tropical cyclone model. The transfer of the wind

BENDER ET AL ' TROPICAL CYCLONE-OCEAN INTERACTION

stress, heat, and moisture fluxes from the tropical cyclone
model to the fixed grid system of the ocean model as well as
the transfer of the SST field from the ocean to the tropical
cyclone model were accomplished through bilinear interpo-

23,249

(a) Mixed
Layer
Currents ......

lation.

The interaction of the tropical cyclone with the ocean was
included from the beginning of the integrations in the primary experiments. In addition, two supplementary experiments were carried out as well. In the first supplementary
experiment no basic flow was included. Thus the storm was
motionless at the beginning of the integration and the storm
motion developed as the beta gyre (the dipolar vorticity
caused by the advection of planetary vorticity) evolved. In
the second supplemental experiment the interaction with the
ocean was introduced after integration of the tropical cyclone model with constant SST for 24 hours. Finally, to
clarify the impact of the ocean response onto the storm's
behavior, analogous experiments were carried out with the
SST kept constant (control experiments without coupling).
A summary of all the experiments is included in Table 2. All
of the integrations presented in this study were extended to

72h

2m/s

(b) Thermocline
LayerCurrents

72 hours.

4.

OCEAN RESPONSE IN THE TROPICAL CYCLONE-OCEAN
COUPLED MODEL

The primary issue in the present study is the feedback
effect on the tropical cyclone produced by the cooling of the
SST. In general, the changes in the SST are strongly
dependent on the currents in the upper part of the ocean.
Therefore the discussionwill begin with essential features of
the dynamical responseof the ocean to the tropical cyclones.
The model currents in the mixed layer at 72 hours are
-1
presented in Figure 3a for the experiment with 5 m s
easterly basic flow. In the front of the tropical cyclone the
cyclonically rotating wind stress generated mixed layer
currents which were oriented in nearly the same direction as
the wind stress. However, the current pattern became significantly asymmetric behind the tropical cyclone. This
asymmetry, first identified by Chang and Anthes [1978]
occurred because the clockwise inertially rotating flow was
effectively accelerated on the right side and decelerated on

72h

•m/s

Fig. 3. The current velocities in (a) the mixed layer and (b) the
uppermost thermocline layer at 72 hours for the integration with 5 m
s-1 easterly basic flow. The region shown is for a portion of the
ocean

domain

with

the

tick

marks

drawn

at

1ø intervals.

The

hurricane center position at 72 hours is indicated by the hurricane
symbol with the storm track indicated by the solid line.
TABLE

2.

Summary of the Numerical Experiments

Direction of

Magnitude of
Basic Flow,

BasicFlow

m s-1

Easterly
Easterly
Easterly
Easterly
Easterly
Easterly
Westerly
Westerly
Westerly
Westerly
Westerly
Westerly
No basic flow
No basic flow
Easterly

2.5
2.5
5.0
5.0
7.5
7.5
2.5
2.5
5.0
5.0
7.5
7.5

Experiment

Description
coupled
noncoupled
coupled
noncoupled
coupled
noncoupled
coupled
noncoupled
coupled
noncoupled
coupled
noncoupled

Supplemental Experiments
none
coupled
none
noncoupled
5.0
coupled after 24 hours

the left side due to the rotation

of the wind

stress vectors

produced by the moving tropical cyclone. The resulting
mixed layer flow makes an important contribution to the
horizontal transport process. In addition, it can induce
turbulent mixing at the mixed layer base through the shear
instability, causing the entrainment of thermocline water.
This process, as discussed below, is very important in the
changes of the temperature and the thickness of the mixed
layer. Another important feature of the mixed layer flow is
that it tends to be divergent when the speed of the inertia-

gravitywaves(1-2 m s-1) is smallerthan the hurricane
translational speed [Geisler, 1970]. The mixed layer divergence generated vertical motion that extended downward
into the thermocline (Figure 4a).
The vertical motion induced by the tropical cyclone consists of two distinct components: the steady upwelling that
resulted from the Ekman pumping forced by the wind stress

23,250
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decrease. While the mixed layer currents were a result of
wind stress effects, the thermocline currents were gradient
currents induced by the pressure gradients produced from
the mixed layer divergence. In the present deep ocean
simulations,the currents in the thermocline primarily developed far from the tropical cyclone center. This feature is in
accord with recent observations taken after the passage of
Hurricane Gay [Church et al., 1989] and a model study by
Price [ 1983].
The strong mixed layer depth deepening underneath the
storm (Figure 4b) was a consequence of both the vertical
advection (downwelling) and the entrainment of the thermo-

'(a) Displacement
ofthe18.8
ø Isotherm

clinewater. The maximumdeepening,locatedabout 180km

72h
I

I'

I

I

I

I

I

N m-2 duringthe integration
period.The rightwardbiasof

(b) Mixed
LayerDeepening

72h
I

I

I

I

to the east of the storm center, slightly exceeded 80 m. This
is somewhatlarger than reported in other previousnumerical
[e.g., Price, 1981] and observational studies [e.g., Sanford et
al., 1987] of the ocean response to tropical cyclones. However, the tropical cyclone in this experiment was quite
intense with maximum wind stressesranging from 5.5 to 5.8

I

I

I

Fig. 4. (a) The 72-hour displacement (meters) of the 18.8øC
isotherm (located at the bottom of the second ocean model layer)
from its initial position (dashed contours correspond to upward

the mixed layer deepening is in good agreement with previous numerical studies and is well correlated with the rightward bias in the mixed layer currents. This suggeststhat
current shear instability is the principal mechanism producing the mixed layer turbulence after the initial stage of the
tropical cyclone forcing. Well behind the storm the mixed
layer deepeningis substantiallyreduced due to weakening of
the turbulent mixing and the intensifying of the upwelling.
The SST anomalies produced by the tropical cyclone are
shown at 72 hours (Figure 5) for two of the numerical
experiments. In both cases a pronounced rightward bias
exists in the sea surface cooling with respect to the storm
track. This asymmetry is correlated with the asymmetry in
the mixed layer currents (Figure 3a) and mixed layer deepening (Figure 4b), and again suggeststhat the entrainment
was the major cause of the SST cooling. Indeed, Figure 6
showsthat in the present model the maximum heat flux due
to the entrainment at the mixed layer base at 72 hours was
about 30 times larger than the maximum total surface heat
fluxes (latent plus sensible). However, it should be noted
that the surface heat fluxes could make a substantial

contri-

motion) and (b) the 72-hourmixed layer deepening(meters)for the

bution to turbulent mixing through convective mechanisms.
coupled
experiment
withthe5 m s- 1easterly
basicflow.Theregion This mechanismmight become important in the front and left
shown is for a portion of the ocean domain with the tick marks
quadrants of the storm where the wind-driven currents are
drawn at 1ø intervals. The hurricane center position at 72 hours is
relatively weak.
indicated by the hurricane symbol with the storm track indicated by
the solid line.
In both cases in Figure 5 the region of maximum SST
anomalies was located well behind the storm center. Directly
underneath

components parallel to the storm track and near-inertial
frequency oscillations characterized by a pattern of cells of
upwelling and downwelling behind the storm. In Figure 4a,
only the upwelling phase of these cells is observed with
maximum displacement of the 18.8ø isotherm located about

the storm center the SST decrease

varied

from

about 1.5ø to about 3øC for the two experiments. This
location of the maximum sea surface cooling was mainly due
to the fact that the turbulent mixing and entrainment continued well after passageof the storm since the shear instability
of the inertial

currents

was maintained

and the shear could

350kmbehindthestormcenter.Thearrowhead
shapeof the be enhanced by development of gradient currents below the
band of compensatingdownwelling indicatesthat horizontal
dispersionof inertia-gravity waves was taking place after the

mixed layer. The position of maximum SST decrease was
different from that of the maximum mixed layer deepening

storm passage.

because the vertical

The thermocline current pattern at 72 hours (Figure 3b)
showed an entirely different pattern from the mixed layer
currents, indicating that the dynamics of the two currents
were considerably different. This fact is important in determining the shear instability acrossthe mixed layer base, the
primary source of turbulent mixing which leads to the SST

change.
Finally, it is important to mention that the SST response

advection

had little influence

on the SST

was quite sensitive to the basic flow speed. With no basic
flow the sea surface cooling (Figure 5, bottom) was much
stronger and more extensive than the experiment with the 5

m s-1 easterlybasicflow (Figure5, top). The extension
of
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HEAT FLU XES

the areaof coolingdueto the slower-moving
tropicalcyclone
was a result of the increased amount of time that the wind
stresswas able to act on a fixed ocean point. This lead to

SEA SURFACE HEAT FLUX.
ß

intensification
of thedriftcurrentsand,asa consequence,
to
an increaseof the velocity shearat the base of the mixed
layer. Thereforeeven a relativelyweak surfacewind at the
stormperipherycouldgenerateturbulentmixingsufficient
for entrainment,resultingin a larger area with decreased
SST. The magnitudeof the SST responsefor the different
basic flows will be addressedin greater detail in section 5.
5.

TROPICALCYCLONE RESPONSETO AIR-SEA INTERACTION

In this section the effect of the ocean coupling on the

surfaceheat flux, stormintensity,and motionwill be evalu-

SST ANOMALIES (øC)
5m/s EASTERLYBASIC FLOW

- ENTRAINMENT

HEAT FLUX

72h

Fig.6. Thedistribution
ofthetotalsurface
heatflux(kWm-2)
(positivevaluedirecteddownwardintothe ocean)andentrainment
heat flux at the bottom of the ocean mixed layer at 72 hours for the

coupled
experiment
withthe5 m s-• easterly
basicflow.Thearea
shownis for the regionof the oceangrid coveredby the innermost
nest of the hurricane model. The tick marks are drawn at 1ø
intervals. The hurricane center at 72 hours is indicated by the
hurricane symbol.

ated. Most of the discussion will concentrate on the exper-

iments run with the easterly basic flows, which are more

typicalfor stormswhichoccurover the westernAtlantic
basin in the deep tropics.

5.1.

Changesin Surface Heat Flux

As previously
mentioned,
all experiments
wereintegrated
Fig. 5. The SST anomalies(øC)and wind vectorsof the lowlevel(•r = 0.995)windat 72 hoursfor the coupledexperiments
with
the5 m s- 1easterlybasicflow(top)andnobasicflow(bottom).The
area shownis for the regionof the innermostnest, with the tick
marksdrawn at 1øintervals. The regionswith anomalieslarger than
2ø and 5ø are indicated with different shading. The hurricane center

at 72 hoursis indicatedby thehurricanesymbolwith the stormtrack
indicated by the solid line.

to 72 hours. The cooling of the sea surface in Figure 5

produced
a significant
reduction
of totalheatflux(latentplus
sensible)intothe hurricane(Figure7). For example,with the
5 m s-1 easterlybasic flow the maximumtotal heat flux
averagedfor the entire integrationperiod decreasedfrom

1.25kWm-2 inthecontrol
experiment
toabout0.9kWm-2
in the coupledexperiment.In the latter integrationthe
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5m/s EASTERLYBASIC FLOW
TOTAL
HURRICANE-OCEAN

basic flow. For both cases the asymmetry in the reduction of
heat flux is evident.

HEAT FLUX

Over the cold wake the reduction

was

considerable and was greater for the slower-moving storm
where the ocean response was larger. For the experiment
with no basic flow the region of SST anomalies greater than
2ø (stippled area in Figure 5) extended over the central area
of the storm resulting in a decrease of the total heat flux of

COUPLED MODEL.

over1.0kW m-2 in theeyewallregionof the stormwhere
the heat flux maximum

was located.

For these two sets of

experiments the value of the maximum total heat flux
decreased nearly 30% and 60%, respectively.
In accordance with the reduction

of the total heat flux the

total storm precipitation accumulated relative to the moving
storm significantly decreased (Figure 9) for both sets of

DECREASE OF HEAT FLUXES

DUE TO OCEAN COUPLING
5m/s EASTERLYBASIC FLOW
HURRICANE

MODEL

NO

BASIC FLOW

Fig. 7. Thedistribution
of thetotalsurfaceheatflux(kW m-2)
(positive value directed upward into the atmosphere) averaged for
the entire 72 hours of the integration and computed relative to the
moving storm for the experimentsrun both with (top) and without
(bottom) ocean coupling. The area shown is for the region of the
innermost nest, with the tick marks drawn at 1ø intervals. The
hurricane center position is indicated by the hurricane symbol.

pronounced asymmetry in the distribution of this quantity is
very evident with the heat flux greatly reduced in the regions
above the cold wake. The primary contribution to the
decrease in the total heat flux in these two experiments was
the reduction in the latent heat flux. When averaged over the
entire region in Figure 7 (nest 3) the latent heat flux de-

creasedfrom 0.22 to 0.17 kW m-2. Likewise,the valueof
the average sensibleheat flux for the control and the coupled
experiment in this region changed from -0.0058 to -0.011

kW m-2 as more sensibleheat was transported
from the
atmosphere into the area of the reduced SST.
The

decrease

of the

total

heat

flux

due to the

ocean

coupling can be seen clearly in Figure 8 for the set of

experiments
with the 5 m s-1 easterlybasicflow and no

Fig. 8. The decrease
of the totalsurfaceheatflux (kW m-2)
between the coupled and the noncoupled experiments averaged for
the entire 72 hours of the integration and computed relative to the

movingstormfor boththe5 m s- 1 easterlybasicflow(top)andthe
no basic flow (bottom) experiments. The region shown is for the
center portion of the innermost nest. The hurricane center position
is indicated by the hurricane symbol.
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(maximumdecreaseof over 120cm) andbetween5 and20%
(maximumless than 60 cm) north of the storm.
Anotherfeatureproducedby the decreaseof the heat flux
due to the ocean couplingis seen in the horizontal (Figure

10) and the vertical (Plate 1) distributionsof the equivalent
potentialtemperature.In the regionsover the cold wake
underneath and to the east of the storm center the equivalent

potentialtemperature
in the lowerboundarylayerdecreased
by about2ø to 6ø (Figure 10c) relativeto the noncoupled
experiment.Althoughthe areaof the coldwakewasrather
narrow (Figure 5), the effect on the equivalentpotential
temperature
spreadovera largeregioneastandnorthof the
storm center (Figure 10). The decreaseof the equivalent
potentialtemperaturewas generallymuch smallerin the
regionwest and southof the storm.Apparently,the necessary heat energyto drive the storm was providedby the
warm moist air from this region. However, the equivalent

potentialtemperatureat the stormcenterwas significantly
I

NO

I

I

BASIC FLOW

less than the value attained in the noncoupled experiment.
Thereforeas seenin both Figure 10 and Plate 1, the gradient
of the equivalent potential temperature in the center area

was considerablyweakenedwith the oceancoupling,particularly in the lower boundarylayer. The differenceof the
equivalentpotentialtemperaturebetweenthe storm center
and the outer stormperiphery(---450km), calculatedin the
lowest500 m of the boundarylayer and averagedfor all four
sidesof the storm, decreasedfrom 16øto 12ødue to the ocean

coupling.Thesevaluescorrelatedreasonably
well with the
averagesealevelpressuredifferenceof about70 and55 hPa,
respectively(measuredbetweenthe stormcenterand the
outer storm periphery), for the noncoupledand coupled
experiments.

From Plate 1 it is clearly seenthat the resultingreduction
in the moist static energy in the boundary layer directly
affectedthe warm core temperature.The upper level equiv-

alentpotentialtemperaturewaslowerednearly4øcompared
to the noncoupledcase.In comparison,for the experiment
with no basicflow (figurenot shown)the decreaseexceeded
7ø. The decreasewith height of the equivalent potential
temperatureobservedwithin the model eye betweenthe
boundarylayer andthe 4-km level in both the coupledand
Fig. 9. The decreasein the total stormprecipitation(centime- the noncoupledexperimentsmay have been related to

ters) between the coupledand the noncoupledexperiments,accumulatedrelative to the movingstormfor the entire 72 hours of the

subsidenceand horizontal mixing of the air within the eye

integration
forboththe5 m s-1 easterly
basicflow(top)andtheno region [e.g., Kurihara and Bender, 1982].
basicflow (bottom)experiments.The regionshownis for the center

portionof the innermostnest with the tick marks drawn at 1ø
intervals.The hurricanecenterpositionis indicatedby the hurricane
symbol.

5.2.

Changes in Storm Intensity

The impactof the oceancouplingon the stormintensityis
demonstrated in the time series of minimum sea level pres-

sure(Figure11) and maximumlow level winds(Figure 12)
coupledexperiments.The largedecreasewaslocatedin the
eyewallregionwiththepositionof themaximumdecreasein
precipitationappearingto be biasedtowardthe quadrantof
the storm where the largestdecreasein heat flux occurred.

for eachof the caseswith the easterlybasicflow. During the
first 12 hours, as the storm was undergoingrapid strength-

ening, the effect on storm intensificationwas relatively
small.However, after 12hourswithoutoceaninteractionthe

Forexample,
fortheintegrations
withthe5 m s-1 easterly stormscontinuedto rapidly intensify,especiallyin the cases
basic flow, the precipitationwas reducedbetween 10 and with weaker basic flows. In contrast, for all of the coupled
theintensification
ratebeganto leveloffafter12
20% (maximumdecreaseof about60 cm) on the easternside experiments
with the fasterbasicflows(5 and
of the storm center over the cold wake in contrast to only 5 hours.In the experiments
to 10% (maximumdecreaseof about 20 cm) on the western 7.5 m s-1) the impactof the oceaninteractionon storm
intensity remained small until around 30 and 36 hours,
side where the reduction of heat fluxes due to the ocean
Beyondthistimethe stormintensityincreased
couplingwasmuchsmaller.For the setof experiments
with respectively.
no basic flow the reductionof precipitationin the eye wall only slightlyin the coupledexperiments,while significant
-1
regionsouthof the stormcenterrangedbetween20 and50% storm intensification (about 15 hPa deepening and 6 m s
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increase of the low-level winds) occurred during the remaining 36 hours of the noncoupled integrations.
The time series of the maximum SST decrease are presented in Figure 13. Comparison of Figures 11, 12, and 13
indicate that the greatest intensity differences between the
coupled and the noncoupled models occurred in the experiments with the weaker basic flows where the greatest
decrease of the SST occurred

and the decrease

of heat flux

(Figure 8) was greatest. For example, at 72 hours the
maximum SST cooling was 5.9øC for the no basic flow case

and about3.5øCfor the 5 m s-• easterlyflow. The differences from the control experiments at 72 hours in the
minimum sea level pressure and maximum surface winds for

theformercasewasabout20hPaand-8 m s- 1compared
to
14 hPa and -5 m s- • for the latter. This result was consistent
with other earlier numerical studies performed with a much
simpler experimental design [e.g., Khain and Ginis, 1991;
$utyrin and Khain, 1984].
The average differences in minimum sea level pressure,
maximum low-level wind, and maximum SST cooling are
summarized in Table 3, calculated for the final 48 hours of
the integrations for all sets of experiments performed. The
averagetranslational speedfor each storm during this period

HURRICANE
MODEy (o
:.98)i
ß

is also included in the second column.

The storms embedded

in the westerly basic flows moved slower than those with
corresponding easterly flow since the basic flow in these
caseswas oriented in a direction almost opposite to the flow
due to the beta gyre. For example, the average storm

B •)

O

":: ":'

.

iiiiii
'øiiiiliiiiiiiiii'iiiiiiiiiiiii",::::
...............
[DECREASE
OFEQUIVALENT
POTENTIAL

translational
speedduringthisperiodwas6.1 m s-1 for the
stormembedded
in the5 m s-• easterlybasicflowand4.2 m
s-• for the stormin the 5 m s-• westerlybasicflow. This
resulted in larger sea surface cooling with the storms moving
in the westerly basic flow and a greater decreasein intensity
for these cases. A strong correlation was found between the
maximum sea surface cooling and the changes in storm
intensity for the cases with both the easterly and the westerly moving storms. A conclusion can now be made from
these results that the faster-moving storms produced a
progressivelysmaller SST responseand smaller reduction in
tropical cyclone strengthmeasured by both the minimum sea
level pressure and the maximum low-level winds.
Examples of observed maximum sea surface cooling for
tropical cyclonesin various regionsare summarizedin Table
4. All of these storms were of either moderate or strong
hurricane intensity, similar to the storms in our experiments.
The observed maximum cooling varied from 1ø to 6øin good
agreement with the model results. The observations were

groupedaccording
to slow (lessthan 4 m s-i), medium
(between4 and8 m s-i), andfast (greaterthan8 m s-1)

Fig. 10.

Distribution at 72 hours of the model level 17 (•r = 0.98)

equivalent
potentialtemperature
(øK)for the 5 m s-1 basicflow
experiments run (a) with and (b) without ocean coupling as well as
(c) the decrease of the equivalent potential temperature between the
coupled and the noncoupled experiments. The contour interval is 2ø,
with values less than 352ø and 350ø in Figures 10a and 10b and
values greater than 0ø and 2ø in Figure 10c, indicated by lighter and
thicker shading, respectively. See Figure 6 for more details.

translational speeds. This yielded average cooling for the
three groups of 5.3ø, 3.5ø, and 1.8ø, respectively. For our
numerical experiments the same grouping of storm motion
yielded values of 4.8ø, 3.3ø, and 2.6ø. Although these observed ocean responses were probably sensitive to the
specificvertical profiles of the ocean stratification, this data
set clearly showed that the magnitude of the simulated sea
surface cooling was reasonable and that the obtained relationship between the sea surface cooling and the storm
motion

for the numerical

found in the observational

simulations

was

similar

to that

data.

It should be pointed out that in the noncoupled experiments with easterly flow, the storms progressively became
more intense with the smaller basic flows (Figures 11 and
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East-west cross section through the storm center of the equivalent potential temperature (øK) at 72 hours

for the5 m s-l basicflowexperiments
runwith(top)andwithout(bottom)oceancoupling.
The contourintervalis 5ø
with no additional contours drawn for the area of equivalent potential temperature above 365ø. The vertical coordinate
is the square root of height in meters. (See Figure 11 of Bender et al. [1985] for more details of this coordinate system).
The arrows plotted at each grid point are the wind vectors.
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Fig. 11. Time seriesof minimum sea level pressure(hPa) for the no basic flow experimentsand all experimentswith
easterly basic flows run with hurricane-oceancoupling (solid curve) and without coupling (dashed curve).

12). Hence the differences in the reduction in intensity
shown in Table 3 between the faster-moving and the slowmoving storms with easterly basic flow were primarily a
result of differences in storm strength between the noncoupled control experiments. With the coupling included, the
average difference in the minimum sea level pressureduring

NO
]

i

the final 12 hours of the integrations varied by only about 3

hPabetweenthe no basicflow (958hPa)andthe 7.5 m s-i
(955 hPa) basic flow experiments. Analysis of the kinetic
energy budgets for the noncoupled experiments indicated
that without the basic flow the divergence of kinetic energy
away from the storm region remained very small in the
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Fig. 12. Timeseriesof maximum
low-level((r = 0.995)winds(m s-1) for theno basicflowexperiments
andall
experiments with easterly basic flows run with hurricane-oceancoupling (solid curve) and without coupling (dashed
curve).
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Khain, 1984] the model tropical cyclones responded with
about a 1-day delay to the decrease of the SST. However, as
mentioned before, these earlier experiments were carried
out with both a simplified experimental design and a coarse
grid resolution (e.g., 40 and 60 km). Also, the intensity of the
tropical cyclones [e.g., Khain and Ginis, 1991, 1000 hPa]
was considerably weaker at the time the ocean-coupling
began. To test the response of a mature tropical cyclone to
the effect of the ocean coupling, a supplemental experiment

wasperformed
for the 5 m s-• easterlyflowcasein which
the ocean coupling began at 24 hours (Figure 14). By this
time the minimum sea level pressure of the storm had
dropped to 955 hPa. As seen in Figure 14 (bottom) the ocean
immediately began to respond to the effect of the tropical
cyclone as the SST in the eye wall region began to rapidly

INTEGRATION
HOURS

decrease. Within 12 hours the maximum SST anomaly

Fig. 13. Time series of maximum SST decrease (øC) during the
72-hour coupled integrations for the three cases with the easterly
basic flow and the case with no initial basic flow.

middle atmosphere (between the 850- and the 250-hPa level).
However, in the presence of easterly basic flow (both with
and without coupling) a divergence of kinetic energy took
place between the 900- and the 800-hPa levels and also
between the 500- and the 200-hPa levels. This effect may
have contributed to this systematic decrease in the storm
intensity in these noncoupled experiments with the inclusion
of the basic flows. However, the relationship between storm
intensity and environmental flow is not fully understood.
Indeed, for the noncoupled integrations with westerly basic
flow

a similar

correlation

was not evident

between

storm

intensity and magnitude of the basic flow. Once the ocean
coupling was included, the slower-moving storms in these
integrations became considerably weaker than those embedded in the stronger westerly flows. The minimum sea level
pressure at 72 hours was about 8 hPa higher in the no basic

flowexperiment
compared
withthe7.5 m s-• westerlyflow
experiment.
In previous numerical experiments with hurricane-ocean
coupled models [e.g., Khain and Ginis, 1991; $utyrin and

TABLE

3.

reached the same value as the original coupled experiment.
Likewise, (Figure 14, top) the tropical cyclone also began to
immediately respond to the ocean coupling with a rise in the
minimum sea level pressure. The minimum sea level pressure of the tropical cyclone reached nearly an identical value
as the original coupled experiment 12 hours after the coupling of the two models began. Both storms remained at
nearly the same intensity for the duration of the integrations.
This clearly demonstrates that for these idealized experiments in which

other environmental

effects such as vertical

wind shear were absent, the final equilibrium states of the
tropical cyclones were primarily determined by the SST.
Finally, it should also be noted that even in the experiment
performed without the basic flow and ocean coupling, the
minimum sea level pressure (939 hPa) obtained by the model
tropical cyclone was somewhat higher than the potential
minimum computed from either the initial (Figure 2a) or the
48-hour environmental sounding of the matured storm (928
or 914 hPa, respectively) using the formulation of Emanuel
[1988]. Probably, the finest resolution used in the present
experiments was still not sufficient to adequately resolve the
structure of the eye or eyewall which may have reduced the
model storm intensity. Also, the treatment of convection and
radiation could have influenced the storm intensity in the
numerical

model.

Differences Between the Coupled and the Noncoupled Models Averaged for the Final
48 hours of the Integrations Presented in This Study
Coupled-Noncoupled

Translational

Minimum

Sea

Maximum
Surface Wind

Basic Flow,

Speed,

Level Pressure

Difference,

Maximum SST

m s-•

m s-•

Difference,hPa

m s-•

Decrease,øC

1.7

No Basic Flow
16.4

-7.0

-5.6

-6.7
-4.8
-2.6

-4.6
-3.7
-3.0

-5.0
-3.7
-2.8

-4.1
-3.2
-2.6

Westerly Flow
2.5
5.0
7.5

2.2
4.2
6.6

2.5
5.0
7.5

3.8
6.1
8.3

15.6
12.0
7.0

Easterly Flow
11.8
9.7
7.7

The average translational speed for each storm is also included in column 2. SST, sea surface
temperature.
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TABLE 4.

Maximum Sea Surface Cooling Observed After the Passageof 16 Tropical Cyclones
(of Moderate or Strong Intensity) in Various Regions

Tropical
Cyclone Storm

Storm
Motion,

Name,Year

m s- •

Maximum
Cooling,

Region

øC

Reference

Slow-Moving
Storms(LessThan4 m s-1)
Virginia, 1978
Ella, 1978
Hilda, 1964
Carla, 1961
Average

1.5
2.0
3.0
3.0
2.4

Joan, 1970
Norbert (1984)
Tess (1975)
Harvey (1981)
Gay (1985)
Gilbert (1988)
Gloria (1985)

4.0
4.3
6.0
6.0
6.0
6.5
6.8

Average

5.7

western North Pacific
western Atlantic
Gulf of Mexico
Gulf of Mexico

6.0
4.5
6.0
4.8
5.3

Pudov [1980]
Black [1983]
Leipper [1967]
Stevenson and Armstrong [1965]

Medium-Moving
Storms(Between
4 and8 m s-1)
South China Sea
eastern North Pacific
western North Pacific
SargassoSea
western North Pacific
Gulf of Mexico
western North

4.0
2.2
4.0
3.5
2.0
4.0
5.0

Ramage et al. [1974]
Sanford et al. [1987]
Pudov et al. [1978]
Stramma et al. [1986]
Church et al. [1989]
Shay et al. [1991]
Cornilion et al. [1987]

Atlantic

3.5

Fast-Moving
Storms(GreaterThan8 m s-1)
Eloise (1975)
Phyllis (1975)
Shirley (1965)
Belle (1976)
Ida (1958)
Average

9.0
10.0
13.0
13.0
15.0
12.0

Gulf of Mexico
western North Pacific
Japan east coast
West Atlantic
western North Pacific

2.5
2.0
2.5
1.0
1.0
1.8

Johnson and Withee [1978]
Schramm [1979]
Wright [1969]
Johnson and Speer [1978]
Ogata [1960]

The storms are grouped according to their translational speed.

5.3.

Changes in Storm Track

To evaluate the effect of the tropical cyclone-ocean coupling on the storm motion, the storm tracks were analyzed
for each set of experiments. Figure 15 shows the storm
tracks in the experiments with both easterly and westerly
basic flows of 2.5 m s -1 . A small effect on the storm track
was introduced by the ocean coupling particularly with the
easterly basic flow. After 36 hours the storm turned slightly
more to the north and was located about 45 km to the north

of the noncoupled experiment by 72 hours. For the storms

with the 5 and 7.5 m s-1 easterlyand westerlyflowsthe
difference in the storm tracks remained extremely small
throughout the entire integration. An example is shown in

Figure16(bottom)for the7.5 m s- 1easterlybasicflow.It is
also evident that the largest impact on the storm track
occurred with no basic flow (Figure 16, top). In this experiment the storm with the ocean interaction gradually turned
more to the north and to the east by the end of the second
day of the integration and was located over 70 km to the
east-southeastof the noncoupled experiment by 72 hours. A
possible explanation for this track deviation is related to a
systematic weakening of the circular averaged tangential
flow at all radii of the storm induced by the interaction with
the ocean (Figure 17). This effect was greatest in the exper-

imentswithno basicflowwheredecreases
of nearly2 m s- 1
in the winds

in the outer

radii

of the storm

were

found.

Although these differences were relatively small, they were
probably sufficient to have altered the orientation of the beta
gyre and thus affected the beta drift. Fiorino and Elsberry

[1989] found that differencesof about 2 m s-1 in the
tangential wind profiles in the 300- to 700-km radius of an
idealized vortex resulted in similar changesin storm track in
a nondivergent, barotropic numerical model with no basic

current. Differences in storm motion presented in these
results and those obtained by Khain and Ginis [1991] probably resulted from differences in the impact of the coupling
on the beta gyre between the two sets of experiments, due to
the differentexperimentaldesignand grid resolution.For the

experiments
with the 7.5 and5 m s-• basicflowwhereno
significant track deflection occurred, the decrease of the
winds in the outer radius was less than 1 m s-•.

It is interesting
to notein Figure16thatin the7.5 m s-•
easterly basic flow experiment there was a tendency for the
storm with the ocean interaction to move slightly faster than
the noncoupledcase. A similar responseoccurred in the 7.5

m s-• westerlybasicflowexperiment.
Onepossible
mechanism that may be responsible for this slight increase of
forward speed was the large reduction of precipitation that
occurred to the rear of the storm shown in Figure 9. This
asymmetric decrease of precipitation on one side of the
storm may have introduced a slight shift in the surface
pressure minimum toward the region of stronger condensational heating which in both of these experiments was
located

in front of the storm.

6.

SUMMARY AND CONCLUDING REMARKS

The effect of tropical cyclone-ocean interaction was investigated with a high-resolution tropical cyclone-ocean coupled model. The model was formed by coupling the GFDL
18-level movable-mesh tropical cyclone prediction model
with an 8-layer primitive equation ocean model. The resolution of the inner nest of the atmosphericmodel as well as the
uniform

resolution

of the ocean model

was 1/6 ø. Thus the

vertical and horizontal resolutions of the coupled model
were considerably finer than those used by previous numer-
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ical models that have investigated the interaction of the
tropical cyclone-ocean system. In the present experiments
the hurricane was embedded in easterly and westerly envi-
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flows.
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i

22.0

similar experimentswere carried out without coupling (control cases). The initial tangential wind profile of the tropical
cyclone used was similar to the observed profile for Hurricane Gloria just after it was first upgradedto a hurricane. A
supplemental experiment was also performed in which no
basic flow was included, and hence the tropical cyclone
movement was due entirely to the beta effect. This supplemental integration was designedto simulate those situations
where tropical cyclones are embedded in weak steering
results
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from the ocean, and hence reduction in hurricane intensity.
The storm weakening was consistentlygreater for the slower
moving storms where the SST decrease was larger. A
general conclusion from both the easterly and the westerly
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Fig. 15. The 72-hour storm tracks for the experiments with the

2.5 m s-• easterlybasicflow(top)andthe2.5 m s-• westerlyflow
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(bottom) run with (solid curve) and without (dashed curve) hurricane-ocean coupling. The storm positions at 6-hour intervals are
indicated by circles (with coupling) or by triangles (without coupling).

basic flow experiments is that the slower-moving storms
produced a progressively larger SST response and greater
decrease of the total heat flux and hence a greater reduction
in the tropical cyclone strength measured by both the
minimum sea level pressure and the maximum low-level
winds. These results were summarized

in Table 3 for all of

the experiments in this study.

Thestormwiththe5 m s-• easterlybasicflowexperiment
movedat about6.1 m s-• in a west-northwest
direction,
which is a typical translational speedfor tropical cyclones in
the deep tropics. Hence the maximum 3.2øC cooling produced in this experiment, which was confined to a relatively
narrow area (about 2/3ø wide) just to the right of the storm
track, may be considered a reasonable value for typical
0'
1'2
2•4
•6'•8'd0'72
real-data casesand agreed well with observations. However,
INTEGRATION
HOURS
the actual ocean response is very sensitive to the specific
Fig. 14. Time series of minimum sea level pressure (top, hPa) vertical structure of the ocean, including the mixed layer
for the5 m s-1 easterlyflowexperiments
runwithhurricane-oceandepth. Therefore the magnitude of the ocean response can
coupling from the beginning(solid curve), without coupling (dashed
curve), and with the coupling beginning at 24 hours (dashed-dotted
curve). The maximum SST cooling (øC) is also plotted (bottom) for
the experiments with coupling from the beginning (solid line) and
with the hurricane-ocean coupling beginning at 24 hours (dasheddotted curve).

exhibit

considerable

variation

from one location

to another.

In a supplemental experiment the interaction with the
ocean was introduced after integrating the tropical cyclone
model with constant SST for 24 hours. By that time the
tropical cyclone had reached the mature stage of develop-
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an idealized experimental design and environment, they
reveal some of the important effects that the ocean interaction may have on the behavior of actual tropical cyclones. In
real cases the sensitivity shown of the storm to the sea
surface cooling can be modulated by many other environmental factors such as the large-scale flow and vertical
profiles of temperature or humidity. Some of these environmental factors may prohibit tropical cyclones from reaching
their maximum potential intensity [e.g., Emanuel, 1988].
Tuleya and Kurihara [1982] showed numerically that these
types of environmental conditionscan also significantlyalter
the sensitivity of tropical storm genesisto the SST. It is even
possible in some cases that the storm intensity will not
significantlychangedespite large changesin the SST. However, the numerical experimentspresentedhere indicate that
the supply of latent energy to the storm will be significantly
reduced in all cases in which cooling of the sea surface
occurs. The results presentedhere also demonstratethat the

,

i
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Fig. 16. The 72-hour storm tracks for the experiments with no

basicflow(top)andwiththe7.5 m s-I easterly
flow(bottom)run
with (solid curve) and without (dashed curve) hurricane-ocean
coupling. The storm positions at 6-hour intervals are indicated by
circles (with coupling) or by triangles (without coupling).

introduces an additional important mechanism that can
reduce the maximum intensity of real tropical cyclones.
As the numericalmodelscontinueto improve, the effect of
ocean interaction will probably become an important factor
to consider for the successfulforecast of tropical cyclone
behavior. Thus a better understandingand evaluation of this
effect is desirable. Future plans include expansion of the
study of the effect of ocean interaction to some actual
observed cases. The present numerical experiments were
designed to simulate the effect of tropical cyclone-ocean
interaction in the deep ocean. To study real data cases, the

ment with a minimum sea level pressure of 955 hPa. The adaptationof a primitive equationmodel that includesthe
purpose of this experiment was to determine the response effect of bottom topography as well as detailed coastal
time of a mature tropical cyclone to the effect of the ocean
coupling. It was found that in contrast to previous numerical
studies with coarser resolutions and simpler experimental
NO BASICFLOW
60
designsthe tropical cyclone immediately beganto respondto
'x
the effect of the ocean coupling reaching the same intensity
as the original coupled experiment within 12 hours. The final
.
\
intensity and equilibrium state of the tropical cyclone for this
case was found to be independentof the intensity of the
storm at the time the ocean interaction began. This result
will be useful in discussingthe issue of initialization of ocean

50 i'/ \.

•7

conditions.

.

•'30Ii

• HURRICANE-OCEA
COUPLED
MODEL

'\'

It was also shown that the hurricane-ocean coupling
significantlyaffected the track only for two of the caseswith

slowlymovingstorms.For the2.5 m s-1 easterlybasicflow
the storm turned slightly more to the north after 36 hours and
was located about 45 km to the north of the control case by
72 hours. The impact on the storm track was largest for the
no basic flow case as the storm turned gradually more to the
north and to the east by the end of the second day and was
finally located over 70 km to the east-southeastof the control
case by 72 hours. A possible explanation for this track
deviation was the altering of the beta gyre related to a
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Fig. 17. The distribution of the circular averaged tangential
wind at 72 hours for model level 14 (tr = 0.85) for the no basic flow

experiments run with hurricane-oceancoupling (solid curve) and
without coupling (dashed-dottedcurve).
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geography is presently being considered. Analysis of these
observed cases will be necessaryin order to clarify the role
of the tropical cyclone-ocean interaction in the real atmosphere and ocean.
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(hlVl)
t+•7.
(vlhlvl)
+(f+ultan
0)k
xhlvl
a

1

=

P1 + 'rs + WeV2, (4)
P0

APPENDIX

The ocean model used is formulated with the Boussinesq
and hydrostatic approximations. The coordinate origin is
located

at the

undisturbed

sea surface

with

the

vertical

coordinate directed downward. The model is simplified by
excluding the effect of horizontal diffusion and assuming
constant salinity. A layered model is subject to kinematic
and dynamic conditions at the boundaries and the layer
interfaces. In the present model the turbulent momentum
and the heat fluxes at the free surface are equal to the surface
wind stress and total (latent and sensible) heat flux into the
atmosphere, and pressure is equal to sea level atmospheric
pressure. At the interface, between the mixed layer and the
thermocline, the exchanges of mass, heat, and momentum
take place through turbulent mixing which produces the
entrainment. An important aspect of this exchange process
is the energetics of the mixed layer and the radiation of
turbulent energy into the thermocline. It is indicated from
some theoretical and laboratory analyses (a recent review is
given by Fernando [1991]) that the bulk of the energy fed
into the mixed layer is trapped by the interfacial layer
beneath the mixed layer. This energy is dissipated by wave
breaking, and only an insignificant part of the energy is
radiated to the thermocline. Accordingly, in the present
model we assume that the turbulence caused by hurricane
forcing is confined within the mixed layer above the discontinuity surface which is regarded as an infinitely thin interfacial layer. The turbulence in the mixed layer induces
entrainment of mass, momentum, and heat across the bottom of the mixed layer. Consequently, the temperature
change immediately below the mixed layer may result from
entrainment. Since heat does not penetrate farther down in
the model, the temperature of the layer interfaces within the
thermocline and deep water remain unchanged. The potential role of bottom friction on the hurricane-generated currents is not consideredin the present study. Accordingly, we
limit our interest to the regions of the outer continental shelf
and deep ocean.

The prognostic variables are the layer thicknesseshi,
horizontal current velocity in each layer vi, (i = 1, N where
N is the number of model layers), mixed layer temperature
(sea surfacetemperature) T1, and temperature at the top of
the thermocline T2. Their time changesare governedby the
equations of continuity, momentum, and heat balance, respectively, with the kinematic and dynamic conditionstaken
into account. In addition, the equation of state is used to
relate the density to temperature.
The equations for the layer thicknesses are

hit + •7. (hlVl) = w e

(1)

h2t + •7. (h2v2) = -w e

(2)

hit + V' (hivi) = 0

(i = 3, N)

(3)

where the subscriptt means time derivative and We is the
rate of entrainment into the mixed layer.
The momentum equations are written as

(h2v2)
t+V'(v2h2v2)
+(f+u2
tan
0)k
xh2v
2
1

=

P2 - WeV2, (5)
P0

(h iv i) t q- •7' (¾ih iv i)
+

f+

Ui
tan
0.)

k X hiv i = -•

a

1

Pi

(6)

Po

(i= 3, N)

where 'rs is the wind stress vector, a is the radius of the
Earth, 0 is the latitude, P0 is the mean value of density, Pi is
the gradient of pressure integrated over the i layer and
defined as
1

P1= ghl[Pl•7•s+ •7pa+ • hl•7pl]

(7)

i-1

Pi=#hi[P'iV•s
+ VPa+ (P'i- Pl)Vhl+ Z (P'i- p•.)Vhj
j=2
1

t

1

+ • (Pi+l - P'i)Vhi+ hlVPl + • h2VP2] (8)
(i=2,

N)

where P'i = 1/2 (Pi+I q- Pi), # is the accelerationof gravity,
P a is the sea level atmosphericpressure. The sea surface
displacement•s is determined by
N

•s= H- Z hi

(9)

i=1

where H is the mean ocean depth.
The model dynamics involves fast-propagating barotropic
gravity waves. In the present study, for computational
efficiency and also since the response of the deep ocean to
hurricane forcing is primarily baroclinic [Geisler, 1970], we
remove the above fast mode by using a reduced gravity
approximation. Namely, we assume that the lowest model
layer is at rest and infinitely deep. This requires vanishing of
the pressure gradient for hi --> o• in the relation (8). The
resulting equation to determine the gradient of the sea
surface elevation is given by

1

N-1

PN

j--2

V•s= --• [VPa+ (P•q--Pl)Vhl+ Z (P•q--p))Vhj
1

+ hl•7Pl+ • h2•7p2
]. (10)
The equations for temperature at the mixed layer and at
the top of the thermocline may be conveniently written as

23,262

BENDER
ETAL.' TROPICAL
CYCLONE-OCEAN
INTERACTION

(hlO1)t + V' (vlhlO1) = Bs+ WeO2,

(11)
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